Northern Algeria is threatened by moderate to large magnitude earthquakes resulting from the slow convergence between the African and European plates. Main active faults are located offshore along the Algerian coast, as exemplified by the 2003 M w 6.8 Boumerdès earthquake. This event triggered numerous and widespread turbidity currents over ∼150 km along strike in the Algerian basin (reaching 2800 m of water depth) and demonstrates the multi-source and multi-path characteristics of earthquake-triggered turbidity flows along this margin segment. We rely on the sedimentological analysis of five cores located at the toe of the Algiers margin, close to the 2003 cable break sites, to explore the potential for Holocene turbidite paleoseismology. Radiocarbon measurements provide age models for hemipelagic sediments. Based on sedimentary facies identification, analysis of depositional sequences (stacking pattern) and a stratigraphic framework established by age models, a first correlation of turbidites between the 5 cores is attempted. The number of turbidites is constant at the base of the continental slope and decreases seawards (over 80 km away from the coast). From turbidite correlations, 36 synchronous events are identified along the Algiers margin segment over the last 9 kyr, and are tentatively interpreted as seismically triggered, providing a 250 yr mean recurrence interval. The main historical earthquakes in the Algiers area ( , 1716( and 1365 reasonably correlate with three out of the four last turbidites, strengthening the hypothesis that turbidites are suitable markers for Holocene paleoseismology. Recurrence intervals of turbidites range between 50 and 900 yr, defining quiescence periods exceeding 450 yr. Three quiescence periods lasting about 800, 1400 and 500 yr (7-6.2 ka BP, 5.4-4 ka BP, and 1.5-1 ka BP, respectively) support irregular earthquake cycling. Earthquake-triggered turbidites are more frequent in the study area than in the western adjacent margin segment (offshore El Asnam). This higher frequency could arise from the close location of the seismogenic faults beneath the continental slope, whereas they are located several tenths of kilometers onland in the El Asnam area, implying less instabilities of the submarine slope.
Introduction
Paleoseismology aims at building long time series of earthquakes using either on-fault (measurement and quantification of slip history within the fault plane) or off-fault evidences (history of the sedimentary deposits triggered by large fault ruptures in their vicinity) (Gràcia et al., 2013, and references therein; McCalpin, 2009) . Indeed, long paleoearthquake records are crucial to better assess earthquake recurrences, and numerous seismic cycles over long time spans are necessary to set up reliable earthquake occurrence and cyclicity models. In subaqueous environments, a few pioneer works revealed the good potential of lacustrine and marine sedimentary deposits to directly or indirectly record large earthquakes (Sims, 1973 (Sims, , 1975 Adams, 1990) . Since about 15 years ago, turbidite paleoseismology has become a powerful and widely used approach to indirectly assess long time series of earthquakes, especially in subduction zones, because strong seafloor shaking during large earthquakes (approximately magnitudes M N 6.5-7) generally promotes multiple and widespread turbidity currents across continental margins (e.g., Goldfinger et al., 2003; Gràcia et al., 2010; Polonia et al., 2013; Pouderoux et al., 2014; Bernhardt et al., 2015) . Long time series are even more important in slowly deforming areas (convergence rate b 1 cm/yr) since historical records are often scarce or missing there and because recurrence intervals may outpass a thousand of years. However, identifying earthquakes as the triggering mechanism Marine Geology 384 (2017) [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] of turbidites is not straightforward (e.g. Gorsline et al., 2000; Sumner et al., 2013; Pouderoux et al., 2014) and requires establishing synchronicity between events over long distances and across independent sedimentary systems (Goldfinger et al., 2003 (Goldfinger et al., , 2007 Gràcia et al., 2010) .
The link between earthquakes and submarine gravitational processes is suggested in several works off Algeria (Giresse et al., 2009; Cattaneo et al., 2010; Dan et al., 2010; Dan-Unterseh et al., 2011; Babonneau et al., 2012) . First applications of turbidite paleoseismology were recently performed on sediment cores collected in the deep basin (N2300 m water depths) along the western Algerian margin, at the Africa-Eurasia plate boundary Ratzov et al., 2015) . Off western Algeria, 13 paleo-earthquakes were identified over the last 8 kyr (mean recurrence interval of 660 yr) and are grouped within three "bursts" of seismic activity (3, 4 or 6 events occurring every 300-600 yr) separated by twõ 1600 yr long quiescence periods (Ratzov et al., 2015) . Such pattern of cycle irregularities supports the concept of seismic supercycles, as was first evidenced in subduction zones , and may substantially modify probability models of earthquake recurrence.
In this study, we present the first estimate of earthquake recurrences over the Holocene in the central Algerian margin from the analysis and space/time correlations of sediment cores sampled off Algiers, the capital of Algeria. This highly populated area underwent a M w 6.8 damaging earthquake on May 21, 2003 (Delouis et al., 2004; Meghraoui et al., 2004; Yelles et al., 2004; Semmane et al., 2005) , which was followed by turbidity currents responsible for 29 submarine cable breaks at the toe of the continental slope . Piston cores were collected along the Algerian margin during four oceanographic cruises conducted between 2007: MARADJA (doi: 10 .17600/ 3020100), PRISMA (doi: 10.17600/4200150), MARADJA2 (doi: 10.17600/5020080) and PRISME (doi: 10.17600/7010090). This study is mainly based on the analysis of five selected piston cores located in the basin at the base of the continental slope of the Algiers margin (N2300 m water depth), close to the 2003 CE cable break sites. We aim to identify and date turbidites correlated between these sites in order to (1) compare the most recent turbidites with historical earthquakes of the Algiers region (including earthquakes of Algiers 1365 CE and 1716 CE, Blida, 1825 CE, Mouzaia, 1867 CE and Boumerdès, 2003 , (2) build a tentative paleo-earthquake record, and (3) estimate recurrence intervals over the Holocene.
Geological setting

Seismo-tectonic setting of the Algerian margin
The Algerian margin is a Cenozoic passive margin ( Fig. 1 ) located at the diffuse plate boundary between Eurasia and Africa, presently reactivated in compression (Stich et al., 2006) . The convergence is distributed both onland and offshore and is dominated by ESE-WNWtrending shortening structures, corresponding to active thrusts and folds offshore (Déverchère et al., 2005; Domzig et al., 2006; Kherroubi et al., 2009; Yelles et al., 2009) . These structures are associated with crustal shortening at a present-day rate of 2 mm/yr or less (Serpelloni et al., 2007; Palano et al., 2015) , responsible for moderate to large earthquakes (M w b 7.5) (Ambraseys and Vogt, 1988; Stich et al., 2006) . The Algerian margin is among the most seismically active areas of the Western Mediterranean. The catalogue of historical earthquakes (856-2008 CE) reports 22 earthquakes of estimated magnitude M N6 near the Algerian coast (Hamdache et al., 2010) . Magnitudes of historical earthquakes are interpreted from the historical accounts, but these might be biased depending on the population of each area. True magnitudes and epicenters are provided only for instrumental seismology, i.e. the last century.
Morphology and structure of the Algerian margin
The Algerian continental slope is steep (N4°) and strongly incised by numerous canyons and escarpments (Fig. 1) . The escarpments are related to active tectonic structures identified by Plio-Quaternary growth strata developing above ramps (Déverchère et al., 2005; Domzig et al., 2006; Kherroubi et al., 2009; Strzerzynski et al., 2010) . In the deep basin, numerous bathymetric highs are visible with various shapes and orientations: the largest elongated highs are also linked to active folds and thrusts, whereas the narrowest are associated with Messinian salt diapirs (Domzig et al., 2006) . Numerous submarine landslides were identified along these structures as well as along the continental slope and in the basin (Dan-Unterseh et al., 2011) . They are expressed by small scars (kilometer-scale or less) and outcropping or buried masstransport deposits, well defined on echo sounder profiles and characterized by sediment coring (Dan et al., 2009; Cattaneo et al., 2010; Nouguès et al., 2010) . The central part of the Algerian margin (Fig. 2) can be divided into two areas: the western area from the Khayr Al Din shelf to the Algiers canyon (Algiers area), and the eastern area from the east of the Algiers canyon to the front of Dellys city (Dellys area). The shelf is narrow, b10 km wide, except at the Khayr Al Din shelf where it is up tõ 20 km wide. The base of the continental slope is at about 2500 m water depth (Fig. 2) .
In Dellys area (Fig. 2) , the continental slope is irregular (gradient b5°), with successions of scarps and plateaus, interpreted as the seafloor deformation of the margin along SW-NE northward-verging thrusts (Déverchère et al., 2005; Domzig et al., 2006) . The fault activity builds two types of morphological features ( Fig. 2): (1) scarps along the upper and lower slope and (2) asymmetric anticline rises associated with blind thrusts (Déverchère et al., 2005 Strzerzynski et al., 2010) . The Dellys slope is incised by a succession of well-developed canyons (Fig. 2) .
In the Algiers area, the continental slope exhibits steep gradients (about 8-10°) incised by numerous gullies and small canyons (Fig. 2) . The only well-incised canyon is the Algiers canyon, containing two main tributaries in its upper part and a strong deviation of its pathway near their confluence. At the base of the slope, the morphology shows a series of W-E elongated bathymetric highs or ridges induced by the growth of asymmetric anticlines. The Algiers canyon outlet is deviated westwards into a 4 × 15 km depocentre, named the Algiers corridor (Fig. 2) , corresponding to a piggy-back basin behind the Algiers ridge. In the deepest part of the basin, the morphology of the seafloor is complex, combining effects of fault ramps and diapirs of Messinian salt (Fig.  2) . Salt diapirs form isolated mounts and narrow elongated highs (Déverchère et al., 2005; Yelles et al., 2009 ).
Historical seismicity in the Algiers area
Three large earthquakes are reported in the Algiers area over the last thousand years: in 1365 CE and 1716 CE for the historical period (Hamdache et al., 2010; Ayadi and Bezzeghoud, 2015) and in 2003 CE for the instrumental one. The 1365 CE Algiers earthquake is considered the most destructive event before the 2003 Boumerdès earthquake. In 1365 CE, Algiers was completely destroyed and a large part of the city was flooded, indicating a significant tsunami (Ambraseys and Vogt, 1988; Ayadi and Bezzeghoud, 2015) . Two other historical earthquakes caused damage close to the city of Blida (50 km southwest from Algiers): the 1825 CE (Blida) and 1867 CE (Mouzaia) events (Fig. 1) .
The 2003 CE Boumerdès earthquake (M w 6.8) caused significant damage and over 2300 casualties (Harbi et al., 2007) . The length of the rupture zone was estimated at~60 km in a N65°E strike, and the rupture depth was proposed between 5 and 13 km (Bounif et al., 2004; Delouis et al., 2004; Meghraoui et al., 2004; Yelles et al., 2004; Semmane et al., 2005) . Ayadi et al. (2008) propose that the rupture reached the surface offshore near the coastline, whereas Déverchère et al. (2005 and Mahsas et al. (2008) favour a flat-ramp geometry, with a submarine fault scarp at 5-10 km from the coastline. After this earthquake, a sea retreat was observed along parts of the Algerian coastline, while a tsunami was recorded in several harbours across the western Mediterranean Sea, reaching~2 m height at the Balearic Islands (Alasset et al., 2006) .
Earthquakes and turbidity currents on the Algerian margin
Submarine cable breaks were reported minutes to hours after three earthquakes along the Algerian margin. The first submarine cable breaks occurred off western Algeria (Kramis area) owing to turbidity currents triggered by the 1954 CE, M s 6.7 Orléansville earthquake (Heezen and Ewing, 1955) . The nearby 1980 CE, M s 7.3 El Asnam earthquake did not break submarine cable in the Kramis area: a single cable break is reported on the upper continental slope on the cable connected to Algiers (El-Robrini et al., 1985) , suggesting submarine instability of the steepest slope.
In 2003, the Boumerdès earthquake triggered large turbidity currents breaking cables 29 times at the base of the continental slope along a 150 km wide section of the margin (Fig. 3) . Cable breaks occurred at the outlets of submarine canyons and in areas of turbiditic levee overspills . Seafloor morphology, backscatter reflectivity and deep-towed side-scan sonar have highlighted the imprints of this event, allowing a reconstruction of the possible sources and pathways of turbidity currents (Fig. 3) . They demonstrate the Fig. 2 . Bathymetric map focused on the Algiers area (isobaths each 500 m), location of the main tectonic structures (modified after Domzig et al., 2006 and Strzerzynski et al., 2010) and data location (yellow dots for cores and white lines for seismic profiles used in this study).
multi-source and multi-path character of the 2003 turbiditic event .
Data and methods
We base this study on the analysis of sediment cores and geophysical data acquired during the MARADJA2/SAMRA 2005 and PRISME 2007 cruises.
Geophysical data: bathymetry and seismic profiles
The geophysical data include multichannel seismic profiles, Chirp echo sounder profiles, Simrad EM300 multibeam bathymetry and backscatter reflectivity data and deep-tow SAR side-scan sonar data. The multibeam bathymetry data were used to construct a DEM, characterized by a horizontal resolution of 50 m and a vertical accuracy of 2 m (1% of the water depth). The high-resolution multichannel seismic profiles were acquired at a speed of 5 knots using 6 mini GI air-guns (mean frequency 120 Hz) shooting at a rate of 10 s and a 2500 m long 96-channel streamer. The vertical resolution of the seismic data is~10 m.
Sedimentological data
Sixteen sediment cores were recovered in water depths between 2300 and 2800 m during the MARADJA2 and PRISME surveys using two types of coring systems: a 15 or 20 m long Kullenberg piston corer and the Ifremer Interface sediment corer (1 m long). X-ray images of the cores were obtained with the SCOPIX system of Bordeaux University. The Geotek MultiSensor Core Logging system was used to obtain physical measurements of gamma density, P-wave velocity and magnetic susceptibility. The major-element composition was obtained with an Avaatech XRF Core-Scanner analysed at 10 and 30 kV. The selected measurement area was 8 mm long and the step-size was set at 1 cm. Sediment cores were sampled for grain-size analyses using a Coulter LS230 laser micro-granulometer, for the 0.01-2000 μm fraction. Sample intervals were adapted and chosen according to facies variability.
In this paper, we present the sedimentological logs of five piston cores (Fig. 2) . From west to east, cores PSM-KS21, PSM-KS23 and PSM-KS27 are distal, located further than 40 km seaward from the coast, whereas KMDJ18 and KMDJ20 are considered as proximal, located at b 30 km from the coast, on the southern side of the Algiers ridge (Fig. 2) . At the site of KMDJ20, we also collected a short interface core IMDJ20 (Table 1) .
The five cores offer the opportunity to study well-preserved, long and continuous successions of turbidites alternating with hemipelagites. The preservation of hemipelagic layers between turbidites is crucial to obtain radiocarbon ages and to establish an accurate chronostratigraphic framework (age models).
Tops of long piston cores are often poorly preserved during coring, especially in cores KMDJ18 and KMDJ20. Cores PSM-KS21, PSM-KS23 and PSM-KS27 are less affected by this problem thanks to the use of a 
Table 1
List of cores, location (lat, long), water depth, lengths and regional setting. KMDJ18, KMDJ20 and IMDJ20 were collected in 2005 during MARADJA2 survey onboard the R/V Le Suroît. PSM-KS21, PSM-KS23 and PSM-KS27 were collected in 2007 during the PRISME survey onboard the R/V L'Atalante. more efficient coring tool onboard R/V L'Atalante (PRISME cruise) compared to R/V Le Suroît (MARADJA2 cruise, cores KMDJ18 and KMDJ20).
Sedimentary facies determination
Sedimentary facies and their boundaries were determined with detailed sedimentological analysis (description, photographs, X-ray images, grain size), major elements and physical parameters variations. The identification of the base of turbidites is direct because of the sharp and often erosional contact of coarse sediment above muddy hemipelagic layers. Erosion thickness of the underlying deposits cannot be accurately estimated. It varies depending on the cohesion and compaction of the underlying sediments and on the physical characteristics of the turbidity currents (velocity, density).
The top of turbidites is often difficult to identify because of the progressive change of facies from turbidite muddy interval (settling of the turbidity current fine-grained tail) to the true hemipelagic sediment. Moreover, the interface between the top of turbidites and hemipelagites is sometimes bioturbated, with a poorly defined interval where two deposits are mixed. The accurate binocular analysis of microfacies can provide a discrimination between reworked material (broken foraminifera and terrigenous particles such as silt), and true hemipelagites with entire foraminifera and less silt. Analyses of grain-size spectra (laser granulometry) and chemical composition (XRF core-scanner data) are not always discriminant. In our cores, the detailed visual description of sedimentary facies is more effective. The error associated with the position of the upper boundary of turbidite may in some cases exceed 1 cm. Erosional contacts at the base of turbidites and the uncertainties of the determination of the tops imply temporal discontinuities or errors in age determinations, and affect the accuracy of age models.
Chronostratigraphy
Chronostratigraphic data were obtained using AMS radiocarbon ages from planktonic foraminifera ( Table 2) . We selected samples in hemipelagic intervals below the base of the turbidite and picked out at least 10 mg of planktonic foraminifer specimens (Globigerinoides ruber, Globigerinoides sacculifer, Globigerinoides bulloides) from the N150 μm fraction (after washing and sieving at 63 μm). These samples were then dated at the LMC14 in Saclay, France.
Radiocarbon ages were calibrated with OxCal software (OxCal v.4.2.4; Bronk Ramsey, 2008) , using the MARINE13 calibration Curve (Reimer et al., 2013) . Age models are based on the extrapolation of sedimentation rates of hemipelagic deposits, removing turbidite deposits, which are geologically instantaneous events. Considering (1) the imprecision of radiocarbon measurements and calibrations, (2) the uncertainties of the determination of the top of the turbidite deposits, (3) short-term variations in sedimentation rates, and (4) the probable removal of a certain amount of hemipelagic sediments at the base of the turbidites (due to erosion), a simple linear age model between radiocarbon ages is insufficient. To propagate uncertainties, age models are built using the OxCal software with a ΔR = 0±50 that we chose for the study area, and (2) uses a Poisson law as random process (P_Sequence). The input parameters to generate the sequence model are the uncalibrated radiocarbon ages with their corrected depths, corresponding to depths of hemipelagic sediments without turbidite deposits. The regularity of sedimentation is determined by the k parameter, with higher k values corresponding to small changes of sedimentation rate. In this work, we estimate that variations in sedimentation rate may be significant (e.g. Giresse et al., 2009) , and all age models were computed with k = 1. Results of OxCal models provide an estimation of probable ages of all the turbidites described in the cores. Age models are represented by graphs of modelled ages in ka BP versus hemipelagic depths in core in cm (cumulated thicknesses of hemipelagic sediment from the Table 2 List of radiocarbon ages obtained on the core dataset. Lab code "SacA" indicates measurements done by Artemis (LMC14 Laboratory, Saclay, France) and Lab code "Poz" indicates measurements done by Poznan Radiocarbon Laboratory (Poland). Age min and age max correspond to the calibrated ages 2σ (CAL BP) calculated by CALIB program with the calibration curve Marine 13 (Reimer et al., 2013) , with a reservoir age of 400 yr. seafloor), where the ages of the turbidites are represented by a distribution diagram of potential ages.
Results
Sedimentary architecture of Quaternary deposits
Seismic lines Mdjs25 and Mdjs26 (Figs. 4 and 5) run from the lower continental slope to the deep basin in the Algiers area. The penetration of the seismic lines is limited to the Plio-Quaternary sediments (Domzig et al., 2006) . Seismic line Mdjs25 (Fig. 5) crosses the lower slope, the Algiers corridor, the Algiers Ridge, a 3 km wide erosional scarp and a second ridge down to the deep basin (Fig. 4) . The deep structure shows two successive anticlines (Fig. 5) . Two types of undulations are identified. The first type is visible near the surface without deep expression: they correspond to sedimentary structures such as sediment waves, channels or other sedimentary features (lobe deposits, levees), typically observed in turbidite systems (e.g. Migeon et al., 2001) . The second type of undulation presents deep roots with strong deformation of the reflectors above transparent seismic facies. These deformations are associated with salt diapirism. The sedimentary succession shows different seismic facies: stratified seismic units and chaotic seismic units with various thicknesses and continuities (Fig. 5) . Sedimentary units are thicker in morphological lows, where large amounts of sediments coming from gravity currents are trapped. Erosion of the northern flanks of ridges is testified by the truncation of reflectors.
Seismic line Mdjs26 (Fig. 5) shows that the Algiers corridor corresponds to a syncline. The deep structure of the Algiers ridge consists of the coalescence of the two anticlines described in Mdjs25 (Fig. 5) . A large chaotic unit, recognized on both profiles (Fig. 5) , probably corresponds to a giant mass-transport deposit, as described by and Cattaneo et al. (2010) , but the origin and the composition of this unit are unknown. A diapir is visible at the top of this mass-transport deposit. Such mass-transport deposits are typically composed of under-compacted sediments that can be remobilized, e.g. during a subsequent earthquake, leading to the formation of diapirs or mud/sand volcanoes (Moernaut et al., 2009 ).
These two seismic lines illustrate the control of tectonic structures on the seafloor morphology in the central part of the Algerian margin. Erosion and gravity flows are highly dominant in terms of sedimentary processes and continuously reshape reliefs formed by tectonics. No well-developed sedimentary system is observed as deep-sea fans with channel-levee systems or organized lobe accumulations. Sediments transported by turbidity currents are partly trapped inside the Algiers corridor and fine-suspended sediments can extend to the deepest area, as exemplified by the reconstruction of the 2003 turbiditic event .
Sedimentary facies
Four types of sedimentary deposits are identified in sediment cores: hemipelagic layers, fine-grained turbidites, sandy turbidites, and homogenites (Figs. 6 and 7) . All the cores are dominated by alternating hemipelagic layers (green in Fig. 6 ) and fine-grained turbidites (yellow in Fig. 6 ), with occasional sandy turbidites (orange in Fig. 6 ). Homogenite facies is only observed once in three different cores (grey in Fig. 6 ).
-Hemipelagic layers are homogeneous bioturbated deposits (Fig. 7) , composed of pelagic beige clay with a small content of fine-grained silt and contain foraminifera and pteropods. -Fine-grained turbidites are distinct beds with a sharp base and a normal grading (Fig. 7) . Their thickness ranges from 2-3 to 20-30 cm. The lower part of the turbidite is composed of silt or veryfine sand (broken foraminifera, quartz and other mineral fragments) and often presents fine laminations. The transition to the upper part of the turbidite is generally progressive, evolving to a muddy bioturbated deposit without sedimentary structures and well-preserved microfauna (only broken foraminifera). The transition to hemipelagic layers at the top of the turbidite deposit is often difficult to accurately identify because grain size and composition are not very different.
-Sandy turbidites are occasionally observed and show an erosional and sandy base composed of fine to medium sand (Fig. 7) . Sandy intervals are generally laminated, normally graded, and thinner than 25 cm. The upper part is similar to that of fine-grained turbidites. -Homogenite facies is observed in cores PSM-KS21, PSM-KS23 and PSM-KS27, once in each core, and with a thickness of 6, 25 and 110 cm respectively. This sedimentary facies is characterized by homogeneous grey mud containing neither microfossil nor sedimentary structures (Fig. 7) . It corresponds to a single deposit with a homogeneous composition. Given its unique and peculiar sedimentary character, it can be used as a stratigraphic marker (dotted grey line in Fig. 6 ).
Each core contains between 60 and 138 turbidites. Most of them are separated by thin hemipelagic layers, but some are stacked (i.e. without hemipelagites in between).
Chronostratigraphy and sedimentation rates
Twenty-seven radiocarbon ages were obtained from planktonic foraminifera picked in hemipelagic intervals (Table 2, Fig. 6 ). The age models of the cores PSM-KS23, PSM-KS21 and PSM-KS27 are more accurate because they contain 5 or 6 radiocarbon ages in the sedimentary record of the last 9 kyr.
Based on the interpolation between radiocarbon ages, we propose a chronostratigraphic correlation of the 5 cores. Total sedimentation rates (including both turbidite and hemipelagites) over the last 9 kyr vary from 14 cm/kyr for PSM-KS23 to 66 cm/kyr for KMDJ20, with intermediate values of 39 cm/kyr for KMDJ18, 43 cm/kyr for PSM-KS21, and 53 cm/kyr for PSM-KS27. The lowest sedimentation rate is recorded in the most distal core PSM-KS23, whereas the highest rate is recorded in the most proximal core KMDJ20, in good agreement with expectations and previous results (e.g. Giresse et al., 2009 ).
The homogenite identified in cores PSM-KS21 (∼8.8 m bsf -below sea floor), PSM-KS23 (∼ 5 m bsf) and PSM-KS27 (∼ 11 m bsf) is also well correlated and its age estimated around 19-20 ka BP. The facies and the age of this homogenite are consistent with a large depositional event identified in the abyssal plain of the western Mediterranean Sea, called "megaturbidite" (Rothwell et al., 1998) , which extends over several hundreds of kilometers (77,000 km 2 ) and reaches a thickness of 8-10 m in the centre of the basin (Rothwell et al., 1998 (Rothwell et al., , 2000 .
Core correlation and event chronology over the last 9 kyr
Forty individual turbidites were identified and named T1 to T40 from top to bottom. The number of turbidites varies depending on the cores. In PSM-KS23, only 13 turbidites are identified in the last 9 kyr, whereas 35 are present in PSM-KS21 (Fig. 8) . In the same time interval, the number of turbidites is respectively 27, 28 and 29 in KMDJ20, KMDJ18 and PSM-KS27 (Fig. 8) .
The correlation of cores PSM-KS21, KMSD18, KMSD20 and PSM-KS27 (Fig. 8) shows that the thickest and the coarsest turbidites are the same in the different cores (for example: T4, T16/T17, T23, T32/ T33 or T40). Some thin and fine turbidites (silty-clay grain size and centimeter-scale thickness) are identified as single events in only one or two cores (e.g., T12, T14, T16, T19, T28 or T34), but they are stacked with the neighbouring turbidites in the other cores (Fig. 8) . Except T9, T18, T21 and T25, which are each present in only a single core, all the turbidites are regionally retrieved. Therefore, the correlation of turbidites suggests to group single turbidites in sequences of several (up to 6 in our case) adjacent or stacked turbidites whose overall stacking pattern is identifiable from one core to another. Twelve turbidite sequences composed of one to six single turbidites are identified in the last 9 kyr and lumped together by colour bands in Fig. 8 . The definition of sequences is based on both the vertical succession of turbidites in cores and the age distribution of turbidites in age models showing clusters. The correlation panel is built by the crossanalysis of turbidite sequences and age models. Age models were independently established for each core (Fig. 9) . The same colour bands (Figs. 7 and 8) help the identification of the turbidites in the age models (Fig. 9) .
All the turbidite sequences are identified in the 5 cores except the lowermost pink sequence in PSM-KS23 (absent between 110 and 125 cm bsf). In PSM-KS23, turbidite sequences correspond to unique turbidites or couplets of stacked turbidites. The fit of turbidite sequences is reasonably good in age models, but it is not perfect for all single events (Fig. 9) , especially for the most recent (from T2 to T8), because of uncertainties in the completeness of sediment recovery in the uppermost part of cores. The sedimentation record is probably irregular and includes lacks (erosion) that we cannot quantify and take into account, but we may assume that either erosion is comparable or it is not so relevant in the selected core sites.
Correlation of turbidites during the last 2000 yr
The correlation of turbidites over the last 2000 yr is based on age models and on the analysis of turbidite successions (detailed correlation in Fig. 10 ). After sedimentological analyses and several tests of age model, we estimate that the seafloor interface is lost in cores KMDJ18, PSM-KS23 and KMDJ20, implying the loss of the last turbidite T1. The comparison of the long core KMDJ20 and the interface core IMDJ20 at the same site ( Fig. 10A and C) convincingly depicts the same record of T4, T3 and T2, however the most recent turbidite T1 is found only at the top of IMDJ20 core. In IMDJ20, turbidites and hemipelagites are thinner, attesting for a probable stretching of the sediment by the piston in the long core KMDJ20. The turbidite T1 is also observed in cores PSM-KS21 and PSM-KS27, indicating a good preservation of the top of these two cores. The lack of turbidite T1 in PSM-KS23 can be explained by the lowest sedimentation rate (b 15 cm/kyr including turbidites), hence few centimeters of missed sediment can easily remove the most recent turbidite.
The age models of the five cores over the last 2000 yr (Fig. 10B) show the difficulty to correlate individual events and the limits of the method of age modelling with radiocarbon ages in turbidite environments during historical times (Lowe et al., 2007; Lowe and Walker, 2015) . Large time uncertainties (from 200 to 500 yr) may reach or even exceed the recurrence interval of events, leading to large temporal overlaps of events at this scale.
The location of large historical earthquakes in the age models (Fig.  10B) shows that three major earthquakes (1365 CE, 1716 CE and 2003 fall in the same time interval as the four last turbidites. The 1365 earthquake was particularly strong (intensity X), destroying the city of Algiers and generating a tsunami and N100 aftershocks (Ambraseys and Vogt, 1988; Ayadi and Bezzeghoud, 2015) . It is consistent to associate it with T4, which is the thickest turbidite in the last thousand years, reaching a thickness of 30 cm in PSM-KS27 (Fig. 10) . Turbidite T3 is much thinner (b 10 cm thick) and cannot be directly associated with any known earthquake. The time interval estimated for the turbidite T2 includes the 1716 CE earthquake, and is interpreted as such.
Discussion
Quality of core sites to record and to date paleo-events
Obviously, active tectonic deformation acts upon seafloor morphology at the toe of the margin ( Fig. 5 ; Déverchère et al., 2005; Déverchère et al., 2010) , favouring erosion and sedimentation by gravity flow processes. Slope instabilities (Fig. 4) evolve into turbidity currents and sediments are trapped in confined basins located behind anticlines or piggy-back basins (Fig. 5) . The sedimentation conditions (as sedimentation rates, distances from flow sources, local submarine topography) clearly explain different flow characteristics of turbidity currents, implying different deposits (thickness, grain size, structures…) at different sites for the same events, as observed for instance during the 2003 M w 6.8 earthquake .
In the study area, the most proximal confined basin is the "Algiers corridor"; it records high sedimentation rates as testified in seismic lines by thickening of the deposits (Fig. 5) and by the highest sedimentation rate in core KMDJ20 (66 cm/kyr over the last 9 kyr). Despite high sedimentation rates and a location at the outlet of the Algiers canyon, core KMDJ20 does not record more turbidites (27 in the last 9 kyr) than cores KMDJ18, PSM-KS21 and PSM-KS27 (Fig. 8) . In the upper 5.5 m of core KMDJ20, turbidite facies are also dominated by finegrained turbidites, but they contain thicker muddy intervals and depict higher hemipelagic sedimentation rates (with high ratio of detrital clay and silty-clay). Consequently, the determination of the top of turbidites and the hemipelagic intervals is uncertain in this core and the possibility to get samples for radiocarbon dating with 10 mg of foraminifera is limited, leading to a bad reliability of the age model of core KMDJ20 (Fig. 9) .
Conversely, the most distal core PSM-KS23, located 60 km seaward from the base of the continental slope (Fig. 2) , records only 13 turbidites in the last 9 kyr, with a total sedimentation rate of about 14 cm/kyr (including turbidites and hemipelagites). Obviously, only the most powerful turbidity currents reach this area and lead to turbidite deposits at this site. The low sedimentation rate and the numerous missing turbidites do not provide a complete and accurate age model (Figs. 8 and 9 ).
Sedimentary records of cores KMDJ18, PSM-KS21 and PSM-KS27 are consistent. They are respectively located at about 10, 20 and 30 km away from the base of slope, and contain 29, 35 and 28 turbidites in the last 9 kyr (Fig. 8) . The total sedimentation rates (including turbidites) range from 39 to 53 cm/kyr. Core KMDJ18 is located at the top of the Algiers ridge, whereas cores PSM-KS21 and PSM-KS27 are located in the deep and open basin in front of the distal morphological high (related to deformation), and on the paths of potential turbidity currents as demonstrated by the 2003 cable breaks (Fig.  3) . Sedimentary facies and depositional sequences show more similarities in PSM-KS21 and PSM-KS27 despite a distance of 65 km between these two cores. The record of cores PSM-KS21 and PSM-KS27 allows a good visual discrimination of turbidites and hemipelagites and six radiocarbon ages obtained in both cores provide well-constrained age models.
Comparing the turbidite record of all the cores, the choice of the best location of core sites for turbidite paleoseismology appears as a compromise between: (1) sedimentation rate (vertical resolution of the age models) and quality of the hemipelagic sediment (true pelagic content for the facies determination and foraminifera content for dating), (2) distance from the sediment sources and more specifically location along the pathways of turbidity currents, in order to record the maximum number of significant events. In the central segment of the Algerian margin, the best sites are located 20 to 30 km away from the base of the continental slope, in the deep basin, seaward from the structural highs, and directly along the potential pathways of the turbidity currents (location of cores PSM-KS21 and PSM-KS27).
Seismic trigger of turbidity currents
Several criteria have been proposed to determine the seismic origin of turbidites. They include the type of canyon morphology (Piper and Normark, 2009) , the large extent of single turbidites (Talling et al., 2007) , sedimentological criteria such as the variable provenance of sediments (multi-sources) and multi-pulse turbidite deposits (Nakajima and Kanai, 2000; Shiki et al., 2000; Gutiérrez-Pastor et al., 2013; Van Daele et al., 2014) . Determining the seismic origin of a turbidite is not straightforward and several criteria need to be taken into account (Goldfinger et al., 2003 (Goldfinger et al., , 2014 Talling, 2014) . Overall, the most robust criterion is the synchronicity of multi-source turbidite deposition over a wide spatial extent (Goldfinger et al., 2014; Talling, 2014) .
In the Algiers area, the first criteria excluding climatic triggering (especially floods, hyperpycnal flows) over the last 9 kyr is the presence of the shelf during the Holocene. Canyon heads are clearly disconnected from the river mouths and fluvial sediment discharges are trapped on the Algerian shelf. Moreover, the seismic trigger of turbidity currents is based on the following: (1) the 2003 M w 6.8 earthquake and associated cable breaks , (2) the consistency between the sedimentary record and the 1000 yr long historical record of the greatest magnitude earthquakes, and (3) the similar number of turbidites and depositional sequences in four cores with potential different sources of turbidity currents.
Correlation with the 2003 M w 6.8 Boumerdès earthquake
In the last century, only two significant events with multiple breaks of submarine communication cables occurred off Algeria:~200 km to the west of our study area, after the Orléansville M s 6.7 earthquake in 1954 (Heezen and Ewing, 1955) , and in the Algiers area after the Boumerdès M w 6.8 earthquake in 2003 . Turbidity currents capable of breaking submarine cables are nowadays widely used to assess and discuss competing triggering mechanisms such as seismic or weather events (e.g. Pope et al., 2017-in this volume; Gavey et al., 2017-in this volume) . Off Algiers, submarine cable breaks following the 2003 earthquake (Fig. 3) have evidenced a series of synchronously triggered turbidity currents along distinct turbiditic systems over a distance of 150 km and as far as 70 km away from the coastline . The main source of the submarine gravity flows is near the Algiers canyon, especially for core sites KMDJ20 and PSM-KS27. Cores KMDJ18, PSM-KS23 and mostly PSM-KS21 were probably fed by other sources on the continental slope, further to the west. Therefore, we postulate that correlated turbidites across 4 or 5 cores can be associated with earthquakes with comparable characteristics (i.e., similar distance and magnitude) to the 2003 event.
Consistency between turbidites and historical earthquakes
A second argument to associate turbidites and large earthquakes in the Algiers area is the good consistency between the number of large historical earthquakes and turbidites in the last thousand years (Fig.  10B) . Before 1900 CE, knowledge of historical earthquakes is based on human perception of shaking, with description of earthquake effects and damages and interpretation of intensity values reported (Ayadi and Bezzeghoud, 2015) . In our study, we only consider historical earthquakes with significant effects on Algiers and with estimated intensities from IX to XI (Ayadi and Bezzeghoud, 2015 and references therein). Three earthquakes were reported with a significant impact on Algiers city: Algiers 1365 CE, Algiers 1716 CE, and Boumerdès 2003 CE (location in Fig. 1) . Two additional earthquakes can probably be taken into account. They affected an area further to the south, near Blida city: i.e. Blida 1825 CE and Mouzaïa 1867 CE. These two events probably induced less submarine gravitational instabilities because of their greater distance from the continental slope (estimated location at N30 km from the coast).
Moreover, the ancient historical archives between 1365 CE and 1716 CE might be incomplete, especially for coastal events without considerable damage in the largest cities. It cannot be excluded that turbidity currents were generated by an earthquake during this time interval, and in that case such an event would have been less damaging than the 1365 CE earthquake. Thus, we can consider at least 3 events (and possibly 4 or 5) able to generate large turbidity currents since 1365 CE.
Turbidites T1, T2 and T4 can be associated with the 1365 CE, the 1716 CE and the 2003 CE earthquakes, respectively (Fig. 10) . Conversely, the two earthquakes in the Blida area (1867 CE and 1825 CE) are apparently not recorded as turbidites at the core sites. The relatively high distance of the seismic epicenters (ca. 30 km from the coastline) and/or their time occurrences close to the 1716 event (i.e. after less than one century and half, potentially too short for a significant sediment supply, see e.g. Goldfinger et al., 2017-in this volume) could explain the absence of turbidity currents trigger. However, we cannot rule out the hypothesis that one of these earthquakes has triggered the T2 turbidite (Fig. 10) instead of the 1716 event. The turbidite T3 is a thin turbidite (stacked with T4 in PSM-KS23), which does not correspond to any known historical earthquake. It occurred between 1365 CE and 1716 CE and could correspond to another coastal earthquake with a low or moderate effect on Algiers city (not mentioned in historical archives).
Synchronicity of turbidites between independent cores
In this study, the good correlation of individual turbidite deposits is also a strong evidence for the trigger of large multi-source turbidity currents. The number of turbidites and their age are highly consistent in the cores despite the distance from the coast and the different sedimentary settings of the core locations (for example 27 and 28 turbidites for cores KMDJ20 at the base of the slope and PSM-KS27 in the basin, see Fig. 2 ). Except only for four isolated deposits 36 turbidites retrieved at the base of the continental slope in the last 9 kyr are synchronous and with a large regional extent; they can be considered as a record of large paleo-earthquakes.
Improvement of temporal accuracy
Considering that 36 turbidites represent the signatures of large earthquakes (M~6.5 and more), the cores PSM-KS21 and PSM-KS27 show the most complete sedimentary records of these events and can provide a reliable first-order paleoseismological chronology for the Algiers area during the last 9 kyr.
The age estimations for each turbidite (OxCal models), provide a relatively low accuracy for a paleoseismological approach (error bars up to 300 yr). Although the first-order turbidite correlation was based on turbidite age overlaps between cores, the correlation appears even more robust using turbidite successions (with sedimentological analysis and correlations). To improve the temporal accuracy, we constructed synthetic age models for cores PSM-KS21 and PSM-KS27 in order to show the most complete paleoseismological record. Key radiocarbon ages of neighbouring cores are projected and new age models were computed for the two cores, including respectively 11 and 10 dates (Fig. 11) . The error bars on the ages of the turbidites are reduced and the correlation between the two cores is optimised.
Earthquake recurrence intervals and cycling
Recurrence intervals of turbidites are calculated based on the mean ages of the events (Fig. 12B) . They vary theoretically from~50 yr tõ 900 yr (Fig. 12B) . Most of them are shorter than 450 yr (dashed line in Fig. 12B ) with a mean value of~250 yr. However, three intervals exceed 450 yr and can as such be considered as seismic quiescences: 7-6.2 ka BP, 5.4-4 ka BP, and -the shortest of the three intervals-1.5-1 ka BP (events above dashed line, Fig. 12B ). The occurrence of events seems to follow 2000 to 3000 yr long cycles, with event clusters (recurrence intervals between 50 and 400 yr) separated by periods without events longer than 450 yr. Such cycles could result from variations of sediment supply linked to Holocene eustatic or climatic pulses or from changes in seismic activity. Actually, there are growing evidences that stress changes of external origin could modulate the tectonic stress field (Calais et al., 2016 , and references therein), resulting into temporal clustering and quiescence of large earthquakes, as evidenced by Ratzov et al. (2015) on the western part of the Algerian margin.
Our results provide for the first time a chronology of the largest paleo-earthquakes of the margin off the highly populated Algiers, but the estimation of the magnitude of the earthquakes responsible for slope failures remains difficult. In this area, the only earthquake that triggered significant turbidity currents with a well-determined magnitude and epicenter is the 2003 M w 6.8 Boumerdès event. Obviously, a single event is not enough to calibrate the sensitivity of the continental margin to regional earthquakes (or magnitude threshold), and magnitude threshold for causing mass flows depends strongly on several preconditioning factors and seismicity patterns, precluding a specific value at global scale (Pope et al., 2017-in this volume) . However, several studies have pointed out that the magnitude threshold allowing a sufficient peak ground acceleration to trigger turbidity currents and slope failures is probably lower than 6.8 for close earthquakes sources, and potentially around 6.5 at distances up to 50 km (e.g. Keefer, 1984; Zàruba and Mencl, 2014; Ratzov et al., 2015; Pope et al., 2017-in this volume).
Comparison with the Kramis area in the western Algerian margin
The analysis of turbidites triggered by earthquakes in the western Algerian margin (Kramis area, Ratzov et al., 2015) has led to a paleoseismological record of 13 large events in the last 8 kyr. The time distribution of these events is bimodal, following supercycles with clusters of 3 to 6 events with recurrence intervals of 300-600 yr separated by quiescence periods of~1.6 kyr without any major event. Although this study and the results by Ratzov et al. (2015) are based on a similar dataset and are conducted along the same margin (Fig. 1) , with similar characteristics in terms of sediment input and slope morphology, the sedimentary record of events is strikingly different. The number and frequency of events are 13 events in 8 kyr off Kramis and 36 events in 9 kyr off Algiers, i.e. 2.5 higher in the Algiers area. Mean recurrence intervals of events are shorter off Algiers (250 yr, compared to 660 yr off Kramis) and the quiescence periods (defined here arbitrarily as periods longer than 450 yr) are shorter too (800-1400 yr, compared to ca. 1600 yr off Kramis). The comparison of the time intervals of quiescence and cluster periods between the two margin segments shows that they are not synchronous but rather out of phase ( Fig. 12B and C) . This is the first evidence for a shift of large earthquake activity in two adjacent tectonic segments of the Algerian margin.
Possible explanations for the difference in the number of events and recurrence intervals could be: (1) a higher seismic activity of the Algiers area than in Kramis area, and/or (2) a higher sensitivity of the Algiers area to continental slope instabilities for lower magnitude earthquakes (linked to a quicker sediment reload and shorter distances of earthquake epicenters to the continental slope). In both Algiers and Kramis areas, a similar order of shortening, fault length, seismic moment, and geodetic strain rates are reported (Serpelloni et al., 2007) . Historical earthquakes and instrumental seismicity do not evidence strong contrasts in the seismic activity between both margin segments (Ambraseys and Vogt, 1988; Hamdache et al., 2010; Ayadi and Bezzeghoud, 2015) . The more probable hypothesis is therefore the potential triggering of large turbidity currents by earthquakes of lower magnitude in the Algiers area. Indeed, the Kramis area is characterized by active faults located far inland (typically, 50-100 km, see e.g. Beldjoudi et al., 2011) , while a significant part of the active deformation in the Algiers area occurs near the coastline and in the submarine domain (Déverchère et al., 2005; Domzig et al., 2006; Yelles et al., 2009; Strzerzynski et al., 2010 ; see also the location of tectonic ridges and Red stars indicate the radiocarbon sample locations and corresponding ages used in age models. Age models correspond to the upper part of the OxCal models presented in Fig. 7(C) . Sedimentological log of the short interval core IMDJ20, collected closed to the KMDJ20 site.
2003 M w 6.8 earthquake in Figs. 4 to 5) , i.e. very close to the sources of the turbidity currents.
Given the peak ground acceleration (PGA) versus magnitude versus distance predictions performed by Ratzov et al. (2015) , the minimum magnitude of nearby earthquakes triggering slope failures (and therefore turbidity currents) should be 6.0 (or lower) in the Algiers area, and 6.5 in the Kramis area. Obviously, it appears that at the scale of the Algerian margin, a shorter distance of epicenters to zones of slope failures of only a few tens of kilometers lowers the magnitude threshold down to 5.5-6 and could explain the discrepancy of recurrence intervals in the turbidite record between these two margin segments of Algeria (Kramis and Algiers, respectively; Fig. 12B ). This interpretation implies that the amount of submarine soft sediments available on the slope for triggering turbidity currents is accumulated on time intervals probably much shorter than at least the earthquake mean recurrence times of 250 yr found in the Algiers area.
The core PSM-KS23 (Figs. 2 and 8 ) in the deep basin of Algiers area shows a similar mean frequency of turbidites (13 in 9 kyr) as offshore Kramis (13 in 8 kyr). Given the 60 km distance from the base of the slope compared to other core sites, only the most powerful turbidity currents reach this core site, most likely triggered by the biggest earthquakes. Therefore, we believe that this sedimentary record is probably representative of the largest earthquakes (possibly magnitude~7 or more), as expected in the Kramis region too (Ratzov et al., 2015) . This result probably means that the return periods of large (M w ≥ 6.5) earthquakes are similar for both margin segments: indeed, periods of times separating the so-called quiescence periods (i.e., the duration of a supercycle) are similar (2500-3000 yr) and both regions depict clusters of 3-6 events with recurrence intervals of ca. 200-600 yr (Ratzov et al., 2015) in between the quiescence periods ( Fig. 12B and C) . Durations of seismic quiescences are apparently different but this may result from the different magnitude thresholds discussed above. However, it remains unclear whether earthquake supercycle periods are exactly superimposed and whether fault synchronicity in the Algiers region is indeed occurring.
Conclusions
This study proposes a paleoseismological approach of the central segment of the Algerian margin (Algiers area) during the last 9 kyr, based on a sedimentological and stratigraphic analysis of 5 cores located in the deep basin at the base of the continental slope. Forty turbidites are identified, dated and correlated over an area of 65 km along the Algerian coastline. Turbidite correlations based on sedimentary facies and age models (based on radiocarbon ages) allow an accurate determination of individual events despite the diversity of coring sites, which include base of slope, morphological highs, confined and open basins.
The turbidite characteristics in terms of sedimentological facies, number and spatial extent, and the comparison of these characteristics with the 2003 event (earthquake and turbidity currents observed by cable breaks) suggest a good potential to use the turbidite record as a paleoseismological record. This hypothesis is also confirmed by the good correspondence between the largest historical earthquakes in the Algiers area during the last millennium ( , 1716 ( and 1365 and the age modelling of the four last turbiditic events. The large earthquake of 1365 CE that destroyed the city of Algiers and generated a tsunami, is clearly identified in the sedimentary record as a major turbiditic deposit.
Among the 40 identified turbidites, 36 are identified as potential individual turbidite deposits corresponding to seismic events during the last 9 kyr, with magnitudes possibly higher than 5.5-6.0. The average recurrence interval of these earthquakes is 250 yr, but with a high variability (theoretical times ranging from 50 to 900 yr). By arbitrarily defining recurrence intervals longer than 450 yr as quiescence periods, three quiescence periods are observed in the last 9 kyr (7-6.2 ka BP, 5.4-4 ka BP, and 1.5-1 ka BP), suggesting a bimodal cyclicity in the seismic activity.
Although the sedimentary and paleoseismological records differ from the results by Ratzov et al. (2015) on the same margin (western segment -Kramis area), the observation of earthquake cycling is compatible in both studies. The different number of events and recurrence intervals (13 events in 8 kyr in the Kramis area against 36 events in 9 kyr in the Algiers area) could be explained by the vicinity of seismogenic faults below the continental slope in the Algiers area, whereas active faults in the Kramis area are located further inland (several tens of kilometers).
